Introduction: 621 words Abstract Improving extinction learning is essential to optimize psychotherapy for persistent fear-related disorders. In two independent studies (both n=24), we found that goal-directed eye movements activate a dorsal fronto-parietal network and transiently deactivate the amygdala. Connectivity analyses revealed this down-regulation engages a ventromedial prefrontal pathway known to be involved in cognitive regulation of emotion. Critically, when eye movements followed memory reactivation during extinction learning, this reduced spontaneous fear recovery 24 hours later.
Introduction
Extinction learning is core to most effective therapies for disorders of fear and anxiety (Bisson et al., 1 2013) . Exposure therapy, for instance, results in the formation of an extinction memory that 2 suppresses fear expression. Relapse of pathological fear is nevertheless common (Maren, 2011; 3 Dunsmoor et al., 2015b) . Improving extinction learning is therefore an important goal of translational 4 research into fear-related disorders (Dunsmoor et al., 2015b) . Pharmacological treatments have 5 proven effective in preventing fear recovery in animal models (Nader et al., 2000) , but these methods 6 are often not applicable in humans (Nader et al., 2000) or have yielded inconsistent results in 7 experimental models with humans (Kindt et al., 2009; Bos et al., 2012) . New non-invasive techniques 8 have been developed that target reconsolidation of the original memory rather than enhance 9 standard extinction learning . Although these results are promising, their clinical 10 utility is so far unclear. 11
Clinically effective treatments are not always derived from such experimental models. One 12 example is Eye Movement Desensitization and Reprocessing (EMDR; Bisson et al., 2013) , an 13 evidence-based therapy and part of mental health care guidelines in many countries (Bisson et al., 14 (Nader et al., 2000) . Similarly, systemic administration of propranolol, a β-adrenoceptor antagonist, 32 presumably exerts its effects on fear recovery via inhibition of protein synthesis in the amygdala 33 (Dȩbiec and Ledoux, 2004) . Amygdala reactivity measured with BOLD-fMRI in humans is 34 furthermore decreased after propranolol administration (Hurlemann et al., 2010) . Indeed, it has been 35
shown that working memory-like tasks, such as a game of Tetris (Holmes et al., 2009; James et al., 36 2015) can affect the emotionality of memories. We therefore hypothesized (1) that goal-directed eye 37 movements could be used as a non-invasive tool to transiently suppress amygdala activity, 38 comparable to working memory tasks, and (2) that a well-timed application of this deactivation 39 following memory reactivation could reduce fear recovery. 40
To test our hypotheses, in experiment one (n = 24), participants performed a two-back 41 working memory task and goal-directed eye movements in a block design while undergoing 42 functional MRI. We tested whether both tasks would suppress amygdala activity as well as alter the 43 coupling between the amygdala and dorsal lateral prefrontal cortex. In the second experiment (n = 44 24), we integrated eye movements into an established Pavlovian fear conditioning / extinction / 45 recall paradigm and tested whether goal-directed eye movements prevent fear recovery via this 46 amygdala deactivation. Twenty-four right-handed healthy volunteers (12 females, 12 males; 23-37 years [M=26.95, SD=3.6]) 54 completed the study. Exclusion criteria were any contraindications for MRI. All gave written 55 informed consent and were paid for their participation. This study was approved by the local ethical 56 review board (CMO region Arnhem-Nijmegen). 57 58
Experimental design 59
The tasks consisted of 6 blocks of a two-back working memory task (Qin et al., 2009 ), 6 blocks of 60 smooth-pursuit lateral eye movement task, and an additional 8 blocks of low-level fixation baseline. 61
The duration of each block was 27 seconds. Within each two-back block, participants saw a random 62 sequence consisting of 15 single digits. Each digit was presented for 400 ms, followed by an 63 interstimulus interval (ISI) of 1400 ms. Participants were asked to detect whether the current item detecting a target. For the eye-movement blocks, participants were instructed to follow a laterally 66 moving dot with their eyes. The speed of the eye movements was ~1 Hz, based on previous 67 laboratory models of EMDR (van den Hout et al., 2013) . For 15 participants, eye-tracking data were 68 recorded and verified participants complied with the instructions. 69 70 MRI data acquisition 71 MRI scans were acquired using a Siemens (Erlangen, Germany) MAGNETOM Skyra 3T MR scanner. 72 T2*-weighted blood oxygenation level-dependent (BOLD) images were recorded using a customized 73 EPI sequence with ascending slice acquisition (37 axial slices; TR, 1.89 s; TE, 25 ms; Generalized 74
Autocalibrating Partially Parallel Acquisitions (GRAPPA; Griswold et al., 2002) acceleration factor 2; 75 flip angle, 90°; slice matrix size, 64x64; slice thickness, 3.3 mm; slice gap, 0.3 mm; FOV, 212 x 212 76 mm; bandwidth: 1776 Hz/px; echo spacing: 0.65 ms). A structural image (1 mm isotropic) was 77 acquired using a T1-weighted 3D magnetization-prepared rapid gradient-echo sequence (MP-RAGE; 78 TR, 2.73 s; TE, 2.95 ms; flip angle, 7°; FOV, 256 x 256 x 176 mm). 79 80 MRI data preprocessing and statistical analyses 81 MRI data were pre-processed in standard stereotactic (MNI152) space for the purpose of whole-82 brain group analyses. Mutual information maximization-based rigid-body registration was used to 83 register structural and functional images. Functional images were motion corrected using rigid-body 84 transformations. Structural images were segmented into gray matter, white matter, and CSF images 85 using a unified probabilistic template registration and tissue classification method (Ashburner and 86 Friston, 2005) . Tissue images were then registered with site-specific tissue templates (created from 87 384 T1-weighted scans) using DARTEL (Ashburner, 2007) , and registered (using an affine 88 transformation) with the MNI152 template included in SPM8. Identical transformations were applied 89 to all functional images, which were resliced into 2 mm isotropic voxels and smoothed with a 6 mm 90
FWHM Gaussian kernel. 91
Responses to the two-back task and lateral eye movements were modeled using box-car 92 regressors (duration of 27 s). These two regressors were temporally convolved with the canonical 93 hemodynamic response function (HRF) included in SPM8. Additionally, six movement parameter 94 regressors (3 translations, 3 rotations) derived from rigid-body motion correction, high-pass filtering 95
(1/128 Hz cut-off), and AR(1) serial correlation corrections were included in the model. Single-subject contrast maps of the two-back and eye-movement blocks against fixation were entered into 97 second-level one-sample t-tests. 98
Finally, we conducted a psychophysiological interaction (PPI) analysis with the amygdala 99 (left and right separately) as seeds for both the eye-movement condition and the two-back condition. 100
We performed the PPI analysis in Experiment 1, because here we used a block design, which is 101 optimal for investigating task-driven connectivity changes on top of task activation (Friston et al., 102 1997 ). These (four) first level models were identical to the model described above, but each included 103 two additional regressors namely [1] the timeseries for the first eigenvariate of the amygdala seed 104 (either left or right), and [2] the product of this timeseries [after hemodynamic response function 105 (HRF) deconvolution] with task regressor (either the two-back blocks or the eye movement blocks 106 versus fixation) that was temporally convolved with the canonical HRF included in SPM8. Single-107 subject contrast maps of the two-back and eye-movement blocks against fixation were entered into 108 second-level full factorial repeated measures ANOVAs with hemisphere as a within-subject variable. 109
Based on our a priori hypotheses, results for the amygdala and ventral medial prefrontal 110 cortex (vmPFC) were corrected for reduced search volumes using small volume corrections (SVC) 111 and were family-wise error (FWE) corrected using voxel-level statistics. SVC of the amygdala was 112 based on a group mask that was created by averaging individual amygdala segmentations (n=24) of 113 T1-weighted images (using FSL FIRST, see http://www.fmrib.ox.ac.uk/fsl /first/index.html), which 114 were warped into MNI space using DARTEL. The vmPFC was defined as 10 mm sphere around the 0 115 40 -3 coordinate based on a previous study (Schiller and Delgado, 2010) . 116
117

Eye tracking 118
For 15 participants, eye tracking was recorded using an MR-compatible eye-tracking system (MEye 119
Track-LR camera unit, SMI, SensoMotoric Instruments). Data were preprocessed using in-house 120 software (Hermans et al., 2013) implemented in Matlab 7.14 (MathWorks). Blinks were removed 121 from the signal using linear interpolation. Eye-tracking data were normalized based on a calibration 122 at the start of the experiment. Analysis revealed participants complied with the instructions of the 123 task.
Participants were tested in a differential delay fear conditioning paradigm (Schiller et al., , 2013 ) 139 on three consecutive days with 24h in between. The first day comprised an acquisition session, the 140 second day an extinction session, and the third day a recall session. The stimulus set across the three 141 days consisted of four squares as conditioned stimuli (CS) with a different color. The luminance of 142 the stimuli, background, and ISI screen was equalized. On day one, two cues (CS+s, 4s duration) were 143 partially reinforced (37.5 % reinforcement rate) with a mild electrical shock to the fingers (i.e., the 144 unconditioned stimulus; UCS). The two other cues (CS-s, 4s duration) were never reinforced. In total, 145 there were 64 trials (16 trials per CS). The CS+s reinforced, CS+s unreinforced, and CS-s were 146 presented in a pseudorandom order. The ISI was jittered between 4s and 8s with an average of 6s. 147
On day two, extinction included 48 CS trials (12 trials per CS, 4s duration) and 24 eye-148 movement blocks (10 s duration). One CS+ (CS+eye) and one CS-(CS-eye) were always followed by an 149 eye-movement block while the other CS+ (CS+no-eye) and the other CS-(CS-no-eye) were always followed 150 by a fixation block. The ISI between CS and eye movement block was jittered between 0.5s and 1.5s 151 which was done to minimize eye-movement anticipation during the CS presentation. With the 152 duration of 10s, we stayed on the lower end of what is used in EMDR treatment, in which the duration 153 of eye movements varies between 8 and 96 s (Lee and Cuijpers, 2013 ). This 10 s duration limits the 154 length of the experiment, while still including the peak of the Blood Oxygenation Level Dependent 155 (BOLD) response within the eye-movement blocks (Heeger and Ress, 2002) . As in experiment 1, the 156 speed of the moving dot was ~1 Hz, based on previous laboratory models of EMDR (van den Hout et al., 2013). The visual angle was approximately 11°. We verified compliance of participants using eye-158 tracking measurements (all participants complied; see below for methodological details, and Figure  159 4C for averaged results). The ISI after the eye-movement block varied between 4s and 8s with an 160 average of 6s. On day three, the experiment started with a re-extinction session (re-extinction1), 161 which included 24 CS trials (6 trials per CS, 4s duration) with an ISI jittered between 4s and 8s 162 (average of 6s). After this session there was a reinstatement procedure (Haaker et al., 2014 ) 163 consisting of 3 un-signaled UCS presentations (ISI: 10s). Following this, participants underwent a 164 second re-extinction session (re-extinction2), which included 24 CS trials (6 trials per CS, 4s 165 duration). ISI was jittered between 4s and 8s with an average of 6s. See Figure 2 for an overview. 166 167
Questionnaires and debriefing 168
Participants completed the Beck Depression Inventory (BDI; Beck et al., 1996) 
and the trait version 169
of State-Trait Anxiety Inventory (STAI-t; Van der Ploeg, 1980). A BDI score above 13 was used to 170 exclude participants from the analyses, but none of the participants had a score higher than the cut-171 off. Average BDI score was 3.5 (range: 0-10) and STAI-t was 33.5 (range: 25-48). Participants were 172 debriefed after the completion of the experiment and asked about their contingency knowledge on 173 the occurrence of electrical shocks, as well as the relationship between the CSs and eye-movement 174 blocks. Participants were furthermore asked about their knowledge of EMDR and whether they at 175 some time during the experiment thought of the experiment in the context of EMDR treatment. Five 176 participants reported doing so. We therefore redid the analyses of the two re-extinction phases on 177 day 3 excluding these five participants. The results and conclusions remained the same and therefore 178 the results are reported including all participants. 179 180
Peripheral stimulation 181
Electrical shocks were delivered via two Ag/AgCl electrodes attached to the distal phalanges of the 182 second and third fingers of the right or left hand (counterbalanced between subjects) using a 183 MAXTENS 2000 (Bio-Protech) device. Shock duration was 200 ms, and intensity varied in 10 184 intensity steps between 0V-40V/0mA-80mA. During a standardized shock intensity adjustment 185 procedure, each participant received and subjectively rated five shocks, allowing shock intensity to 186 converge to a level experienced as uncomfortable, but not painful. The resulting average intensity 187 step was 4.8 (SD: 1.8) on a scale from 1 to 10. The intensity step was set on day 1 and remained the 188 same on day 3 for the reinstatement procedure. 189
Peripheral measurements 191
Electrodermal activity was assessed using two Ag/AgCl electrodes attached to the distal phalanges 192 of the first and second fingers of the left or right hand (counterbalanced between subjects) using a 193
BrainAmp MR system and recorded using BrainVision Recorder software (Brain Products GmbH, 194 Munich, Germany). Data were preprocessed using in-house software; radio frequency (RF) artifacts 195 were removed and a low-pass filter was applied. Skin conductance responses (SCR) were 196 automatically scored with additional manual supervision using Autonomate (Green et al., 2014) 197 implemented in Matlab 7.14 (MathWorks). We opted to use the magnitude method, since it has been 198 considered the standard method of scoring SCRs for several decades (Edelberg, 1972) . SCR 199 amplitudes (measured in µSiem) were determined for each trial within an onset latency window 200 between 0.5 and 4.5 s after stimulus onset, with a minimum rise time of 0.5 s and a maximum rise 201 time of 5 s after response onset. Reinforced trials were omitted and all other response amplitudes 202
were square-root transformed prior to statistical analysis. One subject was omitted from the SCR 203 analyses on day 1 because of failed recordings presumably due to motion of the hand. Analyses on 204 the SCR were performed using SPSS 19 (IBM Corp, Armonk, New York). Four repeated-measures 205
ANOVAs were conducted, one for each experimental phase (Acquisition, Extinction, Re-extinction1, 206
and Re-extinction2). Each ANOVA included CS (CS+, CS-) and Extinction manipulation (eye, no-eye) 207
as within-subject factors. During the extinction and re-extinction phases, an additional within-subject 208 factor was included, namely Time (early, late). Subsequently, differential SCR were calculated (CS+ 209 minus CS-) to test for differences between the two conditions (eye movement and no-eye movement). 210
To test for spontaneous recovery of fear, the differential response on the last trial of extinction was 211 subtracted from the first differential response during re-extinction1 (Schiller et al., , 2013 ). The 212 reinstatement recovery index was calculated in a similar way by subtracting the last differential 213 response during re-extinction1 from the first differential response during re-extinction2 (Schiller et 214 al., 2010 (Schiller et 214 al., , 2013 . For the spontaneous recovery index and reinstatement recovery index analyses, we 215 covaried the order of the CS+ (CS+eye or CS+no-eye) presentation. Lastly, the amount of amygdala 216 suppression that occurred on day 2 during the eye-movement blocks was added as a covariate to the 217 recovery index analyses on day 3 to test whether amygdala deactivation predicted fear recovery. 218
Eye tracking was recorded using an MR-compatible eye-tracking system (MEye Track-LR 219 camera unit, SMI, SensoMotoric Instruments). Data were preprocessed using in-house software 220 (Hermans et al., 2013) implemented in Matlab 7.14 (MathWorks). Blinks were removed from the 221 signal using linear interpolation. Eye-tracking data during the eye-movements blocks were 222 normalized based on a calibration at the start of the experiment.
Computational modeling 224
To further characterize potential differences in the process of extinction learning, we used the 225 computational model from Gershman and Niv (2012) and applied this to acquisition and extinction 226 trials for the eye-movement manipulation and no-eye movement manipulation separately. As input 227
for the model fit we used the square-root transformed SCRs. On each trial, the model assumes that 228 participants determine the probability that a given latent cause generated the observed contingency. 229
The model computes for each participant the preference of assigning all acquisition and extinction 230 trials to a single state or assigning acquisition trials to one state and extinction trials to another state. 231
We performed a comparison between three models, namely "single latent cause" and two models 232 with multiple latent causes, "multiple latent causes without stickiness", and "multiple latent causes 233 with stickiness". The stickiness parameter encourages modes in the distribution of states to persist 234 over time (Gershman et al., 2014) . To assess the difference between the two extinction 235 manipulations, we first investigated model probabilities over the whole group and next the model 236 preference for each individual. We counted the number of participants per model and tested for a 237 difference in distribution. To test whether the model preference would predict fear recovery, we used 238 the Bayesian Information criterion (BIC) of the models to calculate for each individual a Bayes Factor 239 (BF) which is a ratio of the model preference. A value above 1 means that behavioral evidence favors 240 the multiple latent cause model (without stickiness), and a value below 1 means the evidence favors 241 instead the single latent cause model. 242
243
Physiological noise correction 244
Finger pulse was recorded using a pulse oximeter affixed to the third finger of the left or right hand 245 (counterbalanced between subjects). Respiration was measured using a respiration belt placed 246 around the participant's abdomen. Pulse and respiration measures were used for retrospective 247 image-based correction (RETROICOR) of physiological noise artifacts in BOLD-fMRI data (Glover et 248 al., 2000) . Raw pulse and respiratory data were processed offline using in-house software for 249 interactive visual artifact correction and peak detection, and were used to specify fifth-order Fourier 250 
MRI data preprocessing in standard stereotactic space and statistical analyses 270
MRI data were pre-processed in standard stereotactic (MNI152) space for the purpose of whole-271 brain group analyses. Mutual information maximization-based rigid-body registration was used to 272 register structural and functional images. Functional images were motion corrected using rigid-body 273 transformations. Structural images were segmented into gray matter, white matter, and CSF images 274 using a unified probabilistic template registration and tissue classification method (Ashburner and 275 Friston, 2005) . Tissue images were then registered with site-specific tissue templates using DARTEL 276 (Ashburner, 2007) , and registered (using an affine transformation) with the MNI152 template 277 included in SPM8. Identical transformations were applied to all functional images, which were 278 resliced into 2 mm isotropic voxels and smoothed with a 6 mm FWHM Gaussian kernel. 279
We created four first-level models for all stages of the experiment (i.e., Acquisition, 280
Extinction, Re-ectinction1 and Re-extinction2). Responses to the CSs were modeled using box-car 281 regressors (duration of 5s). During the acquisition phase, additional regressors included the 282 reinforced CS+s (duration of 5s) and the shock which was modeled as a stick function. During the 283 extinction phase, responses to the eye-movement blocks were modeled using box-car regressors 284 with a duration of 10s. Regressors were temporally convolved with the canonical hemodynamic 285 response function (HRF) included in SPM8. Additionally, six movement parameter regressors (3 286 translations, 3 rotations) derived from rigid-body motion correction, high-pass filtering (1/128 Hz 287 cut-off), and AR(1) serial correlation corrections were included in the model. Single-subject contrast 288 maps were entered into second-level one-sample t-tests.
Although a PPI analysis in experiments with event-related designs is more difficult to 290 interpret (O'Reilly et al., 2012), we did perform a PPI analysis, similar to Experiment 1, with the 291 amygdala as a seed region in Experiment 2 as well. We did not find any statistically significant 292
connectivity changes. As an extra check, we used the FEF as a seed as well, but also here we did not 293 observe connectivity differences. There are two possible explanations for this. First, the shape and 294 assumptions regarding the HRF are more important in event-related designs than in blocked designs 295 (Gitelman et al., 2003) . Second, PPI analyses have less power than task activity analyses, and event-296 related designs tend to have smaller effect sizes than block designs. This is because the period where 297 it is possible to look at task-driven connectivity changes are shorter than in block designs. 298
Based on our priori hypotheses, results for the amygdala and dorsal anterior cingulate cortex 299 (dACC) were corrected for reduced search volumes using small volume corrections (SVC) and were 300 family-wise error (FWE) corrected using voxel-level statistics. SVC of the amygdala was based on a 301 group mask that was created by averaging individual amygdala segmentations (n=24) of T1-302 weighted images (using FSL FIRST, see http://www.fmrib.ox.ac.uk/fsl /first/index.html), which 303
were warped into MNI space using DARTEL. The dACC was defined based on a functional ROI atlas 304 (Shirer et al., 2012) . 305
306
MRI data preprocessing of the extinction session in native space and statistical analyses 307
For the primary fMRI analysis (amygdala response during eye movements), we preprocessed MRI 308 data during extinction in native space (i.e., without stereotactic normalization) using SPM8 309 (http://www.fil.ion.ucl.ac.uk/spm; Wellcome Department of Imaging Neuroscience, London, UK). 310
Since the results from Experiment 1 showed the suppression was not specific to the amygdala per se, 311
we opted for this more specific analysis to make sure that the effects in the amygdala are not, for 312 example, due to signal blurring from the hippocampus into the amygdala. Additionally, this analysis 313 allowed us to extract an averaged time course of the amygdala signal. 314
All functional scans were co-registered with structural scans using mutual information 315 maximization. The amygdala was individually defined in native space using automated anatomical 316 segmentation of T1-weighted images using FSL FIRST (see http://www.fmrib.ox.ac.uk/fsl 317 /first/index.html). The amygdala segmentations underwent visual inspection. We observed that 318 some amygdala voxels for some participants were not part of the mask, indicating that the FSL FIRST 319 segmentation was relatively conservative (e.g., in anterior parts, which was depicted in Moore et al., 320 2014, as well). For each participant, we made sure that the amygdala mask did not contain voxels 321 that were part of, or extended into, the hippocampus. We therefore conclude that our amygdala masks are representative of amygdala volume, and that the suppression effect can be assigned to the 323 amygdala. The ventral medial prefrontal cortex (vmPFC) was defined as 10 mm sphere around the 0 324 40 -3 coordinate based on a previous study (Schiller and Delgado, 2010 ). The Frontal Eye Fields (FEF) 325
were defined based on a 5 mm sphere around the MNI peak coordinates reported in a meta-analysis 326 movement blocks was not as strong (i.e., suppression was only significant in the left amygdala), 363 however a direct comparison revealed no difference in amygdala deactivation between the two-back 364 and eye-movements blocks. When using the two-back blocks as a functional localizer for the 365 amygdala, the suppression was significant as well [left: p=.015; right: p=.044, peak-voxel FWE-SVC], 366 indicating the suppression is in a similar location for both tasks. Among other regions, deactivation 367 was also found in the ventromedial PFC (p<.001, FWE-SVC) in the two-back blocks. For all whole-368 brain activation and deactivation results see Figure 1B and Table 1 . See Figure 1D for an illustration 369 of the location of the suppression in the amygdala. 370
Finally, we conducted a psychophysiological interaction (PPI) analysis and found enhanced 371 coupling between the amygdala and the dorsal fronto-parietal network during both the two-back 372 [e.g., the left and right dorsolateral PFC: p<.001 peak-voxel FWE-SVC] and eye-movement blocks [e.g., 373
the left and right dorsolateral PFC: p<.001 peak-voxel FWE-SVC, and left and right frontal eye fields: 374 p<.001 peak-voxel FWE-SVC]. We also found enhanced coupling between the amygdala and 375 ventromedial PFC, during both the two-back [p<.001 peak-voxel FWE-SVC] and eye-movement 376 blocks [p=.001 peak-voxel FWE-SVC]. For all connectivity results see Figure 1C and Table 2 . 377
In conclusion, goal-directed eye movements, similar to a working memory task (Qin et al., 378 2009), suppress amygdala activity and induce enhanced coupling between the amygdala and regions 379 involved in cognitive regulation of emotion (Ochsner and Gross, 2005) . 380
Goal-directed eye movements suppress amygdala activity 384
First, we investigated amygdala activity in response to the goal-directed eye movements during 385 extinction learning. We analyzed the data in native space to make sure that the effects in the amygdala 386
and not due to signal blurring from the hippocampus into the amygdala. Thus, in two independent studies we found that goal-directed eye movements suppress 392 amygdala activity. See Figure 4B . Figure 3C ] eye movements. 413
Thus, eye movements during extinction learning indeed blocked spontaneous recovery.
Eye movement-induced amygdala suppression during extinction predicts a reduction in fear recovery 415 after reinstatement 416
Analyses on the reinstatement recovery index, indicated by a differential responding from the last 417 trial of re-extinction1 to the first trial of re-extinction2 (Schiller et al., 2010), showed that differential 
Computation modeling of skin conductance responses 437
To further elucidate the mechanism via which eye movements reduced fear recovery, we additionally 438 applied computational modeling (Gershman and Niv, 2012; Gershman and Hartley, 2015) to the SCR 439 data acquired during extinction learning. We asked whether this analysis would reveal a difference 440 in learning not accounted for when averaging across trials. We reasoned that if the eye movements 441 reduce fear recovery via the process of unlearning, individuals would more often assign acquisition 442 and extinction trials to the same latent cause (i.e., update the original memory trace). By contrast, if 443 the eye movements enhance new learning, then acquisition and extinction trials would more likely 444 arise from multiple latent causes (i.e., forming a safety memory while leaving the original memory 445 trace intact; Gershman and Hartley, 2015) .
We compared three models and found that for standard extinction all participants aligned 447 with the "single latent cause" model rather than the two models with "multiple latent causes", with a 448 probability averaged across participants of .92 over .05. For the eye-movement manipulation we saw 449 that four out of 23 participants aligned with the "multiple latent causes without stickiness" model 450 rather than the "single latent cause" model, with a probability of .81 over .16. The "single latent cause" 451 model was still the winning model over the whole sample as indicated by an average model 452 probability >.80 in both extinction conditions. 453
Since there was a numerical difference in the number of participants in model preference, we 454 further assessed the relationship between model preference (single state vs. multiple latent states) 455 and extinction manipulation (eye, no-eye). We performed a Chi-square test and found that the To test whether the state preference would predict the reduction in fear recovery, we next 462 obtained a ratio of the model preference for each individual by using the Bayesian information 463 criterion (BIC) of both models to calculate the BF for the eye-movement manipulation. A value above 464 1 means that behavioral evidence favors the multiple latent cause model (i.e., this was the case for 465 the four out of 23 participants mentioned above, for the eye-movement manipulation) and a value 466 below 1 means the evidence instead favors the single latent cause model. Neither the spontaneous 467 recovery index nor the recovery following reinstatement index correlated with the BF. 468
Thus, overall most individuals in our sample were one-state learners, consistent with 469 previous findings (Gershman and Hartley, 2015) . If eye movements would further enhance 470 unlearning, then we would have expected to observe a greater preference for a single latent cause in 471 the eye-movement condition compared to standard extinction. The fact that we observed the 472 opposite (i.e., a stronger preference for multiple latent causes in the eye-movement condition) is 473 therefore also at odds with the notion that eye-movement manipulations would enhance updating or 474 unlearning. 475 476
Whole-brain group analysis in standard stereotactic space 477
We first verified whether the acquisition phase exhibited the expected task-related activation and 478 deactivation during CS presentation using conventional group analyses in standard stereotactic (MNI152) space. We observed robust differential BOLD responses in the anterior insula [left: p<.001 480 right: p<.001 peak-voxel FWE-corrected] and dorsal anterior cingulate cortex (dACC) [p<.001 peak-481 voxel FWE-corrected] among others. Additionally, we observed robust deactivations in the vmPFC 482 [p=.007 peak-voxel FWE-corrected] among others. See Table 3 . 483
Next, we investigated response patterns to the CS during extinction learning. First, we found 484 activation patterns in the anterior insula [left: p=.016 right: p=.043 peak-voxel FWE-corrected] and 485 dACC [p=.02 peak-voxel FWE-SCV] as a main effect of CS (CS+ versus CS-). We did not observe any 486 deactivations. Interestingly, similar to what our native space analysis of the frontal eye fields (FEF) 487 activation already showed (see Figure 4B ), we found activation in the FEF in response to the CS that 488 was coupled to the eye movements [left: p=.034 peak-voxel FWE-corrected; right: p=.001 peak-voxel 489 FWE-SVC] as a main effect of eye movements. This was before the execution of the eye movements 490 and thus indicates an anticipation response. There was no CS (CS+, CS-) by Extinction manipulation 491 (eye, no-eye) interaction. 492
Critically, in response to the eye movement blocks (which followed the CS presentation after 493 a brief delay) we found deactivation in the vmPFC [p=.025 peak-voxel FWE-corrected]. See Thus, similar to amygdala responses, vmPFC responses are suppressed during the eye-movement 498
blocks. 499
Finally, during re-extinction1, we found differential BOLD responses (CS+ versus CS-) in the 500 anterior insula [p<.001 peak-voxel FWE-corrected]. During re-extinction2, we found differential 501 BOLD responses in the dACC [p<.001 peak-voxel FWE-corrected] and there was an interaction with 502
Extinction manipulation (eye, no-eye) [p<.003 peak-voxel FWE-SVC]. We found dACC responses for 503 the no-eye movement manipulation [p<.007 peak-voxel FWE-corrected], but no differential 504 responses for the eye movement manipulation was present. This is in line with previous findings 505 This study aimed to test the hypotheses that goal-directed eye movements, as used in Eye Movement 510
Desensitization and Reprocessing (EMDR) therapy, can enhance extinction through amygdala 511 suppression. First, we found that goal-directed eye movements (Experiment 1 and 2) as well as a working memory task (Experiment 1) deactivated the amygdala. Second, we found that both tasks 513 (Experiment 1) altered connectivity between the amygdala and the dorsal fronto-parietal network 514 as well as connectivity between the amygdala and the ventromedial prefrontal cortex. Third, a 515 precisely timed application of the eye movements during extinction learning blocked spontaneous 516 recovery 24h later (Experiment 2). Fourth, while fear responses on average recovered after 517 reinstatement, recovery was attenuated when participants had stronger amygdala deactivations 518 during eye movements (Experiment 2). Given that we found similar amygdala suppression in another 519 task taxing working memory (Experiment 1), the reported effects on fear recovery are likely not 520 specific to eye movements. Furthermore, since fear recovered following reinstatement, our findings 521 provide no evidence that execution of eye movements induces unlearning. 522
A potential explanation for why amygdala deactivation occurs, is that large-scale brain 523 networks act reciprocally (Fox et al., 2005) and compete for resources . Acute 524 stress engages the amygdala but impairs dorsal fronto-parietal network functioning (Hermans et al., 525 2014) . Our data confirm that engaging the dorsal fronto-parietal network has the opposite effect of 526 deactivating the amygdala. We furthermore found coupling between the amygdala and dorsolateral In line with the latter account, differential fear responses recovered after reinstatement, indicating 546 the CS-US association was not fully eliminated. A similar reduction in spontaneous recovery was 547 observed in a study in which the US was replaced by a non-aversive tone during extinction 548 (Dunsmoor et al., 2015a) . One possibility, therefore, is that eye movements following the CS 549 presentation, similar to a tone, strengthen extinction by reducing the ambiguity of the CS either 550 predicting the US or not predicting anything. Unlike a tone, however, eye movements suppress 551 amygdala activity and possibly attenuate fear responses (Vytal et al., 2012) . This may allow for 552 additional learned controllability over conditioned responses via subsequent suppression. This 553 interpretation aligns with findings of reduced spontaneous recovery in rats when trained to actively 554 avoid the US during extinction learning (Moscarello and LeDoux, 2013) . 555
The amygdala is, additionally, crucially involved in encoding the CS-US association (Maren, 556 2011) . Amygdala suppression following reactivation could therefore also have led to updating of the 557 CS-US association (e.g., as less aversive) rather than only facilitating new learning. However, we did 558 not find evidence in favor for this explanation. First, we used a design that included multiple 559 presentations instead of a single reminder, necessary to disentangle unlearning from new learning 560 (Eisenberg et al., 2003) . Second, fear recovered after reinstatement, indicating full unlearning did not 561 take place. Third, computational modeling analysis revealed eye movements did not prompt a 562 stronger preference for a learning pattern associated with unlearning (Gershman and Niv, 2012; 563 Gershman and Hartley, 2015) We thus propose that eye movements during extinction learning may 564 affect fear recovery by enhancing extinction via newly learned instrumental control over CS-evoked 565 fear responses following memory reactivation (Moscarello and LeDoux, 2013) , through pathways 566 engaged during cognitive regulation of emotion (Ochsner and Gross, 2005) . 567
The observed amygdala suppression was located towards the dorsal rather than ventral part. 568
However, we are hesitant in assigning this deactivation to a specific subregion. A comparison 569 between dorsal and ventral is difficult due to inherent problems of gradient EPI sequences, such as 570 signal loss or distortions, which are increased towards the ventral part of the brain (Merboldt et al., 571 2001; Sladky et al., 2013) . These inherent problems (i.e., distance between a brain area and the head 572 coil or cavities) cannot be fully resolved (Merboldt et al., 2001; Sladky et al., 2013) . Whether the effect 573 we observed can be attributed to a specific subregion of the amygdala therefore remains an open 574 question. 575
We found anticipatory FEF activation in response to the CS coupled with eye movements 576 before eye movements took place. This is in line with anticipatory responses observed using 577 electrophysiological recordings in monkeys (e.g., Zhou and Thompson, 2009) . In our study, the CS+eye and CS-eye always predicted an eye-movement block, therefore anticipatory responses could be 579 expected. Only five out of 24 participants reported the association between the CS and the eye-580 movement blocks. Excluding these participants did not affect the results. The FEF activation, 581 moreover, did not predict the reduction in spontaneous recovery, suggesting the anticipatory 582 responses in the FEF did not affect fear recovery. 583
Despite EMDR being an evidence-based therapy (Bisson et al., 2013; Lee and Cuijpers, 2013) , 584 it has received substantial criticism (Devilly, 2002; Rogers and Silver, 2002) . Our results shed new 585 light on the working mechanisms of this treatment. One account of EMDR holds that, unlike exposure 586 therapy (Maren, 2011; Bisson et al., 2013) , EMDR induced unlearning (Shapiro, 1989; Devilly, 2002; 587 van den Hout and Engelhard, 2012) . We found evidence clearly speaking against this claim, since fear 588 recovered following reinstatement. Another controversy regarding EMDR concerns the role of eye 589 movements, which some regard as crucial (Shapiro, 1989) , while others argue they have no added 590 value (Rogers and Silver, 2002) or merely serve as a distractor (Devilly, 2002) . Our data demonstrate 591 that eye movements have added value above standard extinction learning. However, the data from 592
Experiment 1 suggests that any task taxing working memory would suppress amygdala activity and sum, our data contradict some of the contentious claims that have been made regarding the 599 underlying mechanism of EMDR. 600
Several limitations regarding our study need to be mentioned. First, some of our findings are 601 only just statistically significant, and were obtained in a limited sample (n = 24 in both experiments). 602
While amygdala suppression due to eye movements was replicated across experiments, the effect on 603 extinction learning was only tested in Experiment 2 and therefore awaits independent replication. 604
Second, the experimental model of EMDR we developed in this study has inherent limitations because 605 it is impossible to capture every aspect of this therapy (e.g., regarding timing of trauma recall and eye 606 movements, or effects of repeated sessions) in a controlled experiment. Future studies should 607 therefore focus on (1) establishing the reproducibility and generalizability of our findings, (2) 608 investigating the specificity of the observed effects on extinction learning to eye movements, and (3) 609 further illuminating the causal chain from taxing working memory to amygdala suppression and 610 enhanced extinction learning.
In conclusion, our findings show eye movements have added value in safety learning above 612 standard extinction alone. This effect, while likely not specific to eye movements, is associated with 613 amygdala deactivation as a consequence of reciprocally coupled activation of the dorsal fronto-614 parietal network, likely via ventromedial prefrontal pathways similar to those involved in cognitive 615 regulation of emotion. A key advantage of amygdala deactivation through behavioral manipulations, 616 rather than via pharmacological treatments, is that they are non-invasive, precise in time and 617 duration, and shown to be clinically effective (Bisson et al., 2013) . Our findings provide a 618 parsimonious account for how a wide range of behavioral manipulations including working memory 619 tasks, a game of Tetris and eye movements can alter retention of emotional memories. 012 Notes: all coordinates are defined in MNI152 space. All statistics listed are significant at p<.05, whole-brain family-wise error corrected unless indicated otherwise. a To reduce the number of peak voxels, only the peak voxels in the predefined ROIs are reported. *Small volume corrected for region of interest. -2 6.44 P<.001* Notes: all coordinates are defined in MNI152 space. All statistics listed are significant at p<.05, whole-brain family-wise error corrected unless indicated otherwise. To reduce the number of peak voxels, only the peak voxels in the predefined ROIs are reported. *Small volume corrected for region of interest 038 Notes: all coordinates are defined in MNI152 space. All statistics listed are significant at p<.05, whole-brain family-wise error corrected unless indicated otherwise. -20 4.43 P=.008* Notes: all coordinates are defined in MNI152 space. All statistics listed are significant at p<.05, whole-brain family-wise error corrected unless indicated otherwise. *Small volume corrected for region of interest. Notes: all coordinates are defined in MNI152 space. All statistics listed are significant at p<.05, whole-brain family-wise error corrected unless indicated otherwise. *Small volume corrected for region of interest.
